Abstract: An inclined sidewall scattering structure with air cavity characterized by a metal bottom and flat parallel top (Bottom_metal) is proposed to enhance the light extraction efficiency (LEE) for AlGaN-based deep ultraviolet light-emitting diodes (DUV LEDs). Compared to the reported sidewall metal inclined sidewall (Sidewall_metal) structure, the Bottom_metal structure can greatly enhance the LEE of DUV LEDs based on three-dimensional finite difference time domain simulations. Further analysis indicates that the existence of the air cavity promotes the Bottom_metal DUV LEDs to mainly utilize the total internal reflection and the Fresnel scattering to scatter the light into the escape cone, which avoids the light absorption from the sidewall metal mirror in the Sidewall_metal structure. Moreover, the unique air cavity having a bottom metal also enhances the scattering ability of the Bottom_metal DUV LEDs because any light within the cavity directing downward will be reflected back, and the parallel top interface of air cavity/AlGaN functions as additional out-light planes not limited by total internal reflection.
Introduction
Recently, AlGaN-based deep ultraviolet (DUV) light emitting diodes (LEDs) have attracted tremendous attention due to their rapidly increased applications in e.g., sensing, disinfection, UV curing and water purification [1] . Such DUV LEDs are expected to replace the conventional mercury lamps because of many potential advantages such as higher energy efficiency and being environmentfriendly [2] - [5] . However, the performance of conventional AlGaN quantum well (QW) DUV LEDs is severely limited by the extremely low external quantum efficiency (EQE) due to the very poor light extraction efficiency (LEE), which is directly related to the DUV light absorption in the GaN p-contact layer [6] , [7] . On the other hand, the transverse magnetic (TM) (E c) component of the spontaneous emission from the high Al-content AlGaN QW active region is dominant [8] - [10] . The TM-polarized light is difficult to be extracted from the c-plane because its propagation direction is parallel to the c-plane [11] , [12] . To improve the LEE of DUV LEDs, many efforts have been made in two research directions. Firstly, modulating the valence band of the active region is able to obtain the desired transverse electric (TE) polarized (Ec) light emission by producing more compressive strain [10] , adopting the quantum dot structure [13] , or using narrow quantum wells [14] and staggered QWs [11] . However, realizing these architectures with state-of-the-art MOCVD process demands a large challenge and the internal quantum efficiency (IQE) may be affected. Secondly, various micro-nano technologies are used to enhance the LEE such as surface texture [1] , [15] , photonic crystal [16] , [17] , nano-patterned sapphire substrate [18] and localized surface plasmons [19] , [20] . Recently, J. J. Wierer et al. have reported an inclined sidewall metal reflective scattering structure to enhance the LEE up to 4 times for DUV LEDs with dominated TM light [21] . And Dong Yeong Kim et al. utilized the strategy to enhance light output power with a strongly upward-directed emission [22] . In 2016, Dong Yeong Kim's group further demonstrated coating MgF 2 /Al omni-directional mirror on inclined sidewall [23] , [24] . These reports demonstrate that the inclined sidewall metal reflective scattering structure possess enormous potential to enhance the LEE of the DUV LEDs.
In this paper, we propose an inclined sidewall DUV LED structure with air cavity characterized by a metal bottom and flat parallel top (Bottom_metal). Detailed analysis of the LEE enhancement for the TM-and the TE-polarized light is numerically conducted for both AlGaN based DUV LEDs with the proposed Bottom_metal structure and with the metal on inclined sidewall (Sidewall_metal) structure. Significant LEE enhancement is achieved by the Bottom_metal as compared to the Sidewall_metal. The electric field intensity distribution shows that the Bottom_metal-structured LED utilizes the total internal reflection (TIR) and the Fresnel scattering to enhance the LEE for both TM-and TEpolarized light, which avoids the light absorption by the metal reflector in Sidewall_metal LEDs. Moreover, additional out-light planes not limited by the TIR are formed through the Bottom_metal structure promoting larger scattering ability. As a result, the LEE of the proposed Bottom_metal DUV LED is larger than that of the reported Sidewall_metal DUV LED. In addition, it is also found that the LEE for both DUV LEDs increases rapidly with decreasing the inclined angles.
Calculation of LEE With 3D FDTD Method
In this study, the LEE of the AlGaN-based DUV LED is numerically calculated by using a threedimensional finite difference time domain (3-D FDTD) method. A flip-chip DUV LED model comprises a 1000-nm sapphire substrate, a 2000-nm AlGaN layer, a 150-nm p-GaN contact layer, a 100-nm SiO 2 passivation layer and an Al reflector. The surface of the GaN/AlGaN layer is patterned into truncated cones with triangular close-packed array, and SiO 2 on the sidewalls as a protection layer. The inclined angle, the height and the bottom diameter for the inverted truncated cones are represented by α, h and d, respectively, as shown in Fig. 1 . Although the smaller the diameter (d) is, the higher the LEE of the inclined sidewall DUV LED is [21] , [23] , it is difficult to process truncated cones with too small diameter. Therefore, the bottom diameter (d) is fixed to 0.5 μm in this study. Fig. 1 illustrates three inclined sidewall structural models named Bottom_metal, Sidewall_metal and No_metal, where the Bottom_metal and the Sidewall_metal represent Bottom_metal and Sidewall_metal inclined sidewall DUV LED, respectively. These structures are identical except the metal Al mirror. The AlGaN truncated cones of the Sidewall_metal DUV LED architecture are fully covered with the metal Al, in which the light beams that reach the sidewall of the AlGaN truncated cones will be reflected by the Al reflector. The proposed new design is the Bottom_metal structure in Fig. 1 , in which the sidewall of the AlGaN truncated cones are free from metal Al but a metal Al mirror is placed on the bottom of the structure. In order to know the quantity of light reflected by the bottom metal Al in the Bottom_metal structure, the No_metal structure shown in Fig. 1 is also simulated, in which there is no metal Al mirror. A single dipole source with defined polarization is positioned in the middle of the AlGaN truncated cones and is 100 nm apart from the p-GaN layer. The peak wavelength and the full-width at half-maximum of the spectrum of the dipole source are set at 280 nm and 10 nm, respectively. The dipole source is polarized in the direction either parallel to the in-plane for the excitation of TE mode or perpendicular to the in-plane for the excitation of TM mode. The TE-and the TM-polarized lights propagate mainly in the vertical and the horizontal direction, respectively, as the X-Z cross section electric field of TM and TE source shown in Fig. 1 . Therefore, the LEE of the TM-polarized light shall be much lower than that of the TE-polarized light for plane DUV LED [25] . The lateral dimension of the computational domain is set as 8 μm. In order to simplify the numerical computations, the FDTD simulation domain used is much smaller than the actual size of LEDs. However, this will not change the conclusions in this work. In our calculation, the reflectivity of the Al reflector for 280 nm light is set to the maximal theoretical value of 92%. The absorption coefficients of the GaN layer and the AlGaN layer are assumed to be 170,000 cm −1 and 10 cm −1 , respectively [25] , [26] . The refractive indices for GaN, AlGaN, and AlN layers are chosen to be 2.9, 2.6, and 2.16 respectively [26] . The boundary conditions for the four lateral boundaries are assumed to be perfect mirrors such that the limited lateral dimension is treated as infinite [25] , [27] . The top and bottom boundary conditions are set as perfect-matched-layer (PML), which absorbs the electromagnetic energy incident upon it. The LEE is defined as the ratio of the total extracted light power to the total power emitted from dipole source [28] , [29] .
Results and Discussion
The TM-polarized and TE-polarized LEEs for DUV LEDs with various structures as a function of α are shown in Fig. 2 . From the figure we can see that both TE-and TM-polarized LEEs are larger for the Bottom_metal LED than those of the Sidewall_ metal LED for all inclined angles. To compare the effect of metal mirror in Bottom_metal and Sidewall_metal, the No_metal structure is introduced as a reference (see Fig. 1 ). Because light can be extracted from both front and back side of the No_metal DUV LED, the LEE was calculated separately for both sides of the No_metal LED depicted as the blue No_metal cure (front LEE) and the pink No_metal _Back (back LEE) in Fig. 2 , respectively. It can be seen from the No_metal _Back curve in Fig. 2 that for both TMand TE-polarized light, above 10% of light is emitted from the backside of the No_metal DUV LED when the inclined angle is smaller than 75°. But for Sidewall_metal DUV LED, these lights could be scattered back into the escape cone by multiple metal reflections, leading to a larger LEE in principle. However, it is surprising to find that both TM-and TE-polarized front LEEs of the No_metal DUV LED are similar or even higher than those of the Sidewall_metal DUV LED. Therefore, it can be inferred that compared with No_metal, the absorbed light by the metal mirror in the Sidewall_metal structure is far more than the increased light from the multiple metal reflection. To explain it, simplified schematic diagram for the light propagation in inclined sidewall structure is drawn in Fig. 3(a) , where β1 is the emission angle of the diploe source. β is the incident angle of light on the AlGaN sidewall and ∅ is the incident angle of light on the out-light plane. By geometric calculation, we can get β = 90 + β1 − α and ∅ = 2α − 90 − β1.
As is well known, only for light transmitted into the escape cone of the out-light plane can be extracted from the LED chip. According to Snell's Law, the escape cone is governed by a critical angle of θ c = arcsin(n a /n A lG aN ) with n a and n A lG aN being the refractive indices of the atmosphere and the AlGaN material, respectively [30] . To emit the light into the outward space, ∅ needs to satisfy the condition −θ c < ∅ < θ c . Therefore, the light with emission angle meeting 2α − 90
• − θ c < β1 < 2α − 90
• + θ c can be scattered into the atmosphere. On the other hand, the light would be totally reflected by the sidewall when the β meets θ c < β < α, which requires β1 meeting θ c + α − 90
• < β1 < α. To make sure all the light transmitted into the escape cone is from the total reflection of the sidewall, α needs to satisfy the conditions θ c + α − 90
• < 2α − 90
• − θ c and 2α − 90
• + θ c < α. So we can get 2θ c < α < 90
• − θ c . Since n a = 1 and n A lG aN = 2.6 in our simulations, we can calculate θ c = 23
• by Snell's Law, which leads to the condition 46 • < α < 67
• . Namely, when 46 • < α < 67
• , the light with an incident angle of sidewall β smaller than the critical angle 23
• cannot be reflected into the escape cone. Certainly, these lights are possible to be transmitted into the escape cone through multiple metal reflections in the Sidewall_metal structure, but they will suffer from severe metal absorption. Therefore, when 46
• < α < 67
• , the process of the main light scattered into the escape cone by the inclined sidewall can be fully performed by total internal reflection of the sidewall for the No_metal structure. In consequence, the scattering capability of the Sidewall_metal structure is only slightly better than that of the No_metal structure. However, the absorbed light in the Sidewall_metal is far larger than that in the No_metal as a result of the metal absorption. So the LEE of the Sidewall_metal is lower than that of the No_metal. Fig. 3 (c) and (d) show TM-polarized light power density distribution of the out-light surface for the Sidewall_metal and the No_metal structure with α = 50°. It is obvious to observe that in any location, the power density for No_metal is higher than that for Sidewall_metal because the main extracted lights possess the similar escape path and there is no metal absorption for No_metal. Meanwhile, comparing the No_metal and Bottom_metal structure, the light lost from the backside of No_metal could be reflected back into the escape cone by the bottom metal of Bottom_metal structure. So we can conclude that the absorbed light in Bottom_metal is far smaller than that in Sidewall_metal. In addition, compared with the TM-polarized LEE at α = 50
• , the difference between the TE-polarized LEEs of No_metal and Sidewall_metal is smaller. One reason for the similar LEE is because the absorption of the metal compensates the LEE increment due to reflection. Another reason comes from the fact that the different light distribution between the TE-and TM-polarized light source results in different ratio of the scattered light by the sidewall. For the TE-polarized, the LEE of a planar DUV LED can be calculated to be about 5%, in accordance with the value in [25] . So we can infer that about 5% of TE-polarized light will directly propagate into the escape cone of various structures. Besides, 50% of the TE-polarized light is absorbed by the p-GaN, and the light that is internal total reflected by the upper out-light interface may be further absorbed by the p-GaN. But for the TM-polarized light, more than 50% light would experience scattering from the sidewall. Therefore, compared with TM-polarized LEE, less TE-polarized light is scattered by the sidewall, which results in the smaller difference for the TE-polarized LEE between the Sidewall_metal and the No_metal structures.
As expected, the LEEs for both Bottom_metal and Sidewall_metal LEDs are decreased as the inclined angle α increases, and the lowest LEE occurs when the α is 90°in Fig. 2 . To explain it, only half of β1 scope (−90
• < β1 < 90 • ) consisted of yellow, purple and green rang in Fig. 3(b) is analyzed as a result of the symmetry of β1 scope. Because the light with emission angle meeting 2α − 90
• − θ c < β1 < 2α − 90 • + θ c can be scattered into atmosphere through the sidewall, it can be obtained −23
• < β1 < 113
• when 45
• . However, when 67
• as depicted by the yellow range in β1 scope, the light can propagate directly into the escape cone. Therefore, the scope of the emitting angle for potential light that can be scattered into the escape cone by the sidewall is −23
• < β1 < 67
• as depicted by the purple range in Fig. 3(b) . When −90 • < β1 < −23
• as depicted by the green range in Fig. 3(b) , the light would be mainly absorbed by p-GaN. The causes for the observed variation of the LEE with the α angle can be qualitatively analyzed by the overlapping relationship between the escape cone and the β1 scope as shown in Fig. 3(b) . It is easily to observe that the overlapping region of the escape cones and the β1 scope increases with the decreased α angle. Moreover, the ratio of the p-GaN area increases with increasing the inclined angle, resulting in increased absorbed light. Therefore, for both TM-and TE-polarized light, the general trend for the LEE is that it increases with decreasing the α angle. It also can be seen that there is an undulating behavior for the TM polarized LEE curve of No_metal _Back in Fig. 2(a) . The backside LEE of the No_metal is mainly affected by the front LEE of the No_metal (the blue No_metal curve in Fig. 2(a) ) and the ratio of the p-GaN area. The higher front LEE (more light escaping from the upper out-light plane) and the larger ratio of the p-GaN area (more light absorbed by p-GaN) result in the smaller backside LEE. The LEE for the no_metal_back is increased when the α angle decreased from 90°to 75°, because the ratio of the p-GaN area decreased with decreasing the inclined angle. However, with further decreasing α angle from 75°t o 50°, the backside LEE is decreased instead because more light is scattered out from the upper out-light plane with the decreased α angle as depicted by the LEE cure for the No_metal in Fig. 2(a) . When the α angle decreases from 50°to 45°, the further decreased ratio of the p-GaN area and the decreased escaped light from the upper out-light plane result in the increased LEE for the no_metal_back. It is generally known that the absorption of the metal mirror can be minimized by using a passivation layer with a lower refraction index, as has been demonstrated by the high-efficiency MgF 2 /Al omni-directional mirror in [23] and [24] . Therefore, we also have hypothesized using air possessing the lowest refraction index as the passivation layer in the simulation to minimize metal absorption in Sidewall_metal. The TM-and TE-polarized LEE curves for various simulated structure with air passivation layer are shown in Fig. 4(a) and (b) , respectively. Here we can see that the LEE of the Bottom_metal is still larger than that of the Sidewall_metal when the inclined angle α is smaller than 60°. To further comparatively analyze the scattering effect of the Bottom_metal and the Sidewall_metal, snap shots of the electric-field distributions at 280 nm for the Bottom_metal and the Sidewall_metal with an inclined angle of 50°are shown in Fig. 4(c) and (d) , respectively. The improvement of LEE for the Bottom_metal can be supported by the observation of outward light within air in Fig. 4(c) and (d) . Moreover, the weaker electric-field distribution in AlGaN of the Sidewall_metal also confirms that the Sidewall_metal has a stronger absorption. In addition, it is worth noting that although most part of light is total internal reflected into the escape cone by the sidewall and absorbed by pGaN, a small part of light still can transmit into the air cavity by Fresnel scattering in Bottom_metal as shown in Fig. 4(c) . It is exciting to find from the light propagation path in Fig. 4 (c) that any light scattered back into the AlGaN again from the parallel (but not from the inclined) interface between AlGaN and air cavity can transmit into the escape cone. That is, by re-designing the LED structures through moving the metal on the sidewall of the Sidewall_metal structure to the bottom of the Bottom_metal structure (see Fig. 1 ), special air cavities characterized by a metal bottom are formed with unique features that any light in the cavity directing downwards will be reflected back, and their parallel top surface [white dotted circles in Fig. 4(c) ] acts as additional out-light planes not limited by total internal reflection.
For the Bottom_metal design, the light inside the total internal reflection angle of the sidewall will transmit into the air cavity, and then escape out from the additional out-light plane by either once metal reflection (path 2) or Fresnel Scattering (path 1). However, for the Sidewall_metal, these lights need to experience multiple metal reflections in order to transmit into the escape cone, resulting in most of these lights being absorbed by the sidewall metal. When α = 75
• , the LEE of the Sidewall_metal becomes larger because more light inside of the total internal reflection angle of the sidewall is directly reflected into the escape cone by the sidewall metal mirror. Therefore, the scattering ability of the Sidewall_metal with larger inclined angle becomes larger than that of the Bottom_metal. Meanwhile, it can be observed that the LEE of Sidewall_metal is larger than that of the No_metal due to the fact that although both structures have the same amount of light total internal reflected into the escape cone, lights emitted toward the backside of the No_metal DUV LED can be multiple reflected by the metal into the escape cone for the Sidewall_metal.
Many experimental reports have indicated that the fraction of the TM-polarized light emitted at around 280 nm is in the range of between 50% and 63% [23] , [31] , [32] . Here, we assume that the ratio of the TM-polarized light and the TE-polarized light is 1. Hence, the total LEE (LEE total ) of 280 nm DUV LED can be attained by averaging the TM-polarized LEE (LEE TM ) and the TE-polarized LEE (LEE TE ), namely, LEE total = (LEE TM + LEE TE )/2. It can be seen that all LEE curves (LEE TE , LEE TM , and LEE total ) decrease with increasing the p-GaN thickness due to more light being absorbed by a thicker p-GaN layer. In addition, as we analyzed previously, compared with TM-polarized light, more TE-polarized light is absorbed by p-GaN. Therefore, for the Bottom_metal DUV LED with any thickness of p-GaN, the LEE TM is larger than the LEE TE , as shown in Fig. 5(a) . That is to say, the proposed Bottom_metal structure is more beneficial to enhance the LEE of TM-polarized light in DUV LED. Furthermore, for high bright DUV LED, it is necessary to use a transparent p-AlGaN layer as the contact layer due to the strong UV-light absorption by a p-GaN contact layer. Here, the total LEEs of Bottom_metal DUV LEDs with either p-GaN or p-AlGaN as the contact layers are simulated and calculated. The results are shown in Fig. 5(b) . It can be seen that both LEEs increase with decreasing the inclined angle. With the inclined angle decreasing from 75°t o 45°, the total LEEs of the Bottom_metal with p-GaN contact layer and with p-AlGaN contact layer increase from 15.4% to 48.3% and from 60% to 83.4%, respectively. Compared with the largest LEE of the DUV LED with p-GaN, the largest LEE of the DUV LED with p-AlGaN is enhanced by 72.6%. In addition, the LEE of the DUV LED with p-GaN decreases faster with increasing the inclined angle because not only the sidewall scattering ability is decreased but also the ratio of p-GaN area is increased.
Conclusion
In summary, we have proposed a LEE-enhancing strategy utilizing the Bottom_metal scattering structure for AlGaN-based DUV LEDs. LEEs of Bottom_metal DUV LEDs emitting at 280 nm are investigated using 3D FDTD simulations. Compared with the reported Sidewall_metal DUV LEDs, the LEE of the Bottom_metal DUV LEDs is enhanced greatly attributed to the absence of the absorptive sidewall-metal reflector and the unique air cavity with functions of added out-light plane that is not subject to the limitations of TIR. In addition, the LEE of the Bottom_metal DUV LEDs is observed to strongly depend on the inclined angle. With decreasing the inclined angle, the total LEEs of the Bottom_metal DUV LEDs with p-GaN contact layer and with p-AlGaN contact layer increase from 15.4% to 48.3% and from 60% to 83.4%, respectively. The Bottom_metal inclined sidewall structure is expected to be a good solution for future high-efficiency flip-chip DUV LEDs.
